We have prepared polymer nanocomposites reinforced with exfoliated graphene layers solely via melt blending. For this study polyethylene terephthalate (PET) was chosen as the polymer matrix due to its myriad of current and potential applications. PET and PET/graphene nanocomposites were melt compounded on an internal mixer and the resulting materials were compression molded into films. Transmission electron microscopy and scanning electron microscopy revealed that the graphene flakes were randomly orientated and well dispersed inside the polymer matrix. The PET/graphene nanocomposites were found to be characterized by superior mechanical properties as opposed to the neat PET. Thus, at a nanofiller load as low as 0.07 wt%, the novel materials presented an increase in the elastic modulus higher than 10% and an enhancement in the tensile strength of more than 40% compared to pristine PET.
Introduction
Among its other superlative properties [1] [2] [3] , graphene is the strongest material known to man [4] . As a result, it has long been known that graphene has the potential to be a superlative filler in reinforced composites. To this end, much work has studied the effect of graphene on the mechanical properties of polymer matrices [5] . Although, such research has progressed in many directions, two of the most common aims are either to produce high-performance composites such as high-strength, polymer-graphene fibers or to achieve modest levels of reinforcement but at very low graphene loading levels. The latter goal is important for a number of applications such as in hierarchical composites, where the main reinforcement is due to relatively large fillers such as carbon fibers. However, achieving relatively small increases in stiffness and strength of the matrix by adding a nano-filler can lead to non-trivial increases in the ultimate composite properties. This should be achieved at very low loading levels, both for reasons of cost and to avoid significantly altering other matrix properties.
Typically, polymer/graphene nanocomposites have been manufactured using covalently or non-covalently modified graphene via in situ polymerization, solution blending or melt compounding or by a combination of these manufacturing techniques. This work has been extensively reported in articles and in literature reviews [5] [6] [7] [8] [9] . From an industrial point of view, melt blending is the only practical approach as it does not make use of high quantities of solvents nor does it require the development of a dedicated line in a polymer manufacturing facility. However, to date, relatively few papers have been published on polymer/graphene nanocomposites manufactured solely via melt processing, i.e. without a solution-processing step to the composite formation procedure [10] [11] [12] [13] [14] . None of these papers have shown significant degrees of reinforcement at very low volume fraction (<0.1%). In this paper, we report the fabrication of polymer/graphene nanocomposites via melt compounding, using pristine graphene layers at weight fractions lower than 0.1 wt%. The polymer matrix used in this study was polyethylene terephthalate (PET), a choice which was made for a number of reasons. Firstly, previous work has shown that graphene can be used to effectively reinforce PET [15] . In addition, PET is widely used in applications where mechanical properties are relevant and so reinforcement of PET could prove highly useful. Also, the structure of PET and previous research on graphene and PET [15] leads us to expect reasonable interactions between the graphene and the polymer matrix, for example between the graphene surface and the aromatic groups present on the PET chains [16] . We find that by dispersing extremely low volume fractions of exfoliated graphene into the polyethylene terephthalate matrix via melt 4 blending, materials with significantly improved mechanical properties are formed. This approach is simple and compatible with industrial processes and paves the way to using exfoliated graphene layers at an industrial scale. Interestingly, the reinforcement mechanism is distinct from that normally found in nanocomposites and is associated with modifications to the fracture process due to the presence of graphene.
Methods
Graphite was purchased from Sigma Aldrich Ltd. (product code 332461). The exfoliated graphene layers have been manufactured, in house, using liquid exfoliation in the solvent Nmethyl-pyrrolidone (NMP) [17] [18] [19] . Basically, powdered graphite was shear mixed in the solvent NMP at an initial concentration of 100 g·L -1 . The shear mixing was performed on a
Silverson Mixer using a 32 mm rotor for 90 minutes at a speed of 6000 rpm and a batch volume of 2.5 L according to a procedure previously reported in literature [19] . The solvent was removed by filtering the shear mixed dispersion through lab paper using a Buchner funnel. The resulting powder was dried at 60°C overnight in a vacuum oven. Scanning electron microscopy (SEM) was performed on tensile fractured surfaces using a Zeiss Ultra or a Zeiss Supra scanning electron microscope at a voltage of 5.0 kV or 15.0 kV, respectively. Prior to being analyzed the samples were mounted on stubs and their surfaces were platinum coated.
Helium ion microscopy (HeIM) was carried on a Zeiss Orion Plus -helium ion microscope.
The tensile fractured surfaces were mounted on stubs. No coating was necessary in this case.
Results and discussion
As described in the experimental section, the graphene powder was produced by liquid exfoliation [17] [18] [19] . This process is ideal in this case as it is known to produce graphene which is largely defect free [17, 20] . TEM analysis ( Figure 1A -B) showed the graphene flakes produced by this method to be of good quality with mean lateral size and thickness of ~500 nm and ~5-6 layers, respectively. We note that we do not achieve very high monolayer content. However, this is not a disadvantage: previous work has shown few-layer graphene to be a more effective reinforcing material than monolayer graphene [21] . To facilitate composite formation by melt processing, the exfoliated graphene was separated from the solvent to give a dry, weakly bound, reaggregated powder. Such powders are known to be very easy to re-exfoliate [22, 23] .
The properties of polymer nanocomposites ( Figure 1C ) are controlled by a series of factors among which loading level, polymer-filler interfacial interactions, degree of exfoliation, dispersion and orientation of the nanofiller are key aspects [24, 25] . To assess both the exfoliation state and orientation of the exfoliated graphene layers within the PET matrix, TEM characterization was performed ( Figure 1D-G) . Unlike the situation shown in Figure 1A -B where the flakes observed were deposited from solution onto the TEM grid, in this case the samples analyzed were very thin sections (~100 nm thick) cut from the composite such that the orientation of the flakes within the composite was maintained. This allows both in-plane and out-of-plane orientations to be observed ( Figure 1D-G ). An extreme case is illustrated in Figure 1D where the flakes were orientated perpendicular to the cutting plane. Figure 1G displays isolated folded graphene layers encountered at a graphene content of 0.1 wt%. This is unsurprising as folding of the graphene layers has been observed in the liquid phase ( Figure 1A-B) . However, the TEM images revealed little information about the 6 dispersion of the graphene layers into the polymer matrix ( Figure S1 , Supporting Information), mostly due to the use of a low volume fraction of nanofiller. The degree of dispersion of graphene flakes in the polymer matrix can be explored through microscopic examination of fracture surfaces. Shown in Figure 2 are scanning electron microscopy (SEM) and helium ion microscopy (HeIM) images of the surfaces exposed by tensile fracture. Both SEM and HeIM images exhibit a number of graphene flakes protruding from the matrix (Figure 2A-C) . These flakes are well-isolated from each other illustrating the graphene flakes to be well dispersed within the PET matrix. We note that the presence of flakes protruding from fracture surfaces suggests the flakes to pullout from the matrix on failure. This implies the flakes to be shorter than the critical length of the reinforcement, defined as a multiple of the distance it takes for the strain to increase from the nanofiller's edges to the plateau region, and which was showed to be ~3 μm by Gong et al. [26, 27] . This is in line with previous work [26, 28] . The fact that the graphene flakes remain well-exfoliated and highly dispersed within the polymer matrix suggests these composites to potentially display mechanical reinforcement.
The mechanical properties of PET and PET/graphene nanocomposites were measured by tensile testing and are summarized in Figure 3 . The measured modulus increased slightly from 808 MPa for neat PET to a maximum of 993 MPa for the 0.08 wt% sample, an increase of 23% ( Figure 3A) . It is known that graphene displays an in-plane modulus of 1 TPa [4] . Thus, assuming that the composite is filled with graphene flakes which are aligned in plane and are long enough for stress to transfer effectively from the polymer matrix to the graphene layers, the rule of mixtures would predict a modulus increase of 0.5 GPa for Vf=0.05% [29] . This is approximately 3 times larger than what was observed in the current study. However, this difference can be explained by a combination of random flake orientation and flake lengths which are too small to give complete stress transfer.
8 The ultimate tensile strength displayed reproducibly complex behavior, first falling, then rising before falling again as the graphene content was increased ( Figure 3B ). However, it showed a net increase from 52 MPa for PET to a maximum of 74 MPa for the 0.08 wt% sample. This increase of 42% is much higher than that observed for the modulus although the maximum value occurs at the same graphene content. While this strength enhancement is lower than previous observations of a 2-3 fold enhancement of both modulus and strength for PET loaded with ~0.5% graphene and functionalized graphene oxide [9, 15] , it also occurs at a much lower loading level. To our knowledge no report has ever shown appreciable improvements in the mechanical properties of thermoplastic polymers at such low loadings as those seen here.
Interestingly, the strain at break displayed complex behavior similar to the strength ( Figure 2C ). Overall, a net increase from 8.4% for PET to 10.1% for PET reinforced with 0.07 wt% graphene was observed. Typically, the dispersion of a nanofiller into a polymer matrix leads to a reduction in the elongation at break. While we observe this decrease at low volume fractions, as the graphene content was increased above 0.04 wt% the strain at break improved significantly.
The dispersion of only 0.07 wt% exfoliated graphene nanosheets in PET led to materials with better mechanical properties than previous melt-processed PET/graphene nanocomposites [30, 31] . In addition, the properties were equivalent to those found for nanocomposites prepared via solution processing of functionalized graphene oxide at much higher loadings (~2 wt%, Table S1 , Supporting Information) [9] . Also, the extremely low volume fraction PET/graphene nanocomposites reported here exhibited mechanical properties similar or superior to those displayed by melt-mixed composites filled with other fillers or nanofillers such as organoclay, carbon nanotues, TiO2 or SiO2 that were directly melt mixed with PET (Table S2 -S5, Supporting Information) [32] [33] [34] [35] [36] [37] . However, we note that such performance is only found at low loading levels: increasing the graphene load above 0.1 wt% leads to a reduction in the mechanical properties, probably due to aggregation ( Figure S3 , Supporting Information). The depreciation of mechanical properties of polymer/graphene nanocomposites after a certain loading level has been previously reported in literature and attributed to the restacking of the graphene layers [38, 39] .
The improvements in the mechanical properties of PET/graphene nanocomposites could possibly be attributed to the superior mechanical properties displayed by the graphene sheets or their high surface area [2, 4, 16, [40] [41] [42] [43] [44] . To differentiate between these effects, PET with 0.07 wt% graphite was melt blended in the same conditions ( Figure S4 , Supporting Information). The results showed that the ultimate tensile strength decreased by approximately 50%. This shows the importance of filler thickness, which in our case is related to the exfoliation state, and it also implies that filler surface area may be important.
The fact that both strength and strain at break display the same type of complex behavior ( Figure 3D ) suggests the presence of graphene to influence the fracture process, even at very low loading levels. In the neat polymer, fracture is known to be preceded by fibrillation and stress induced crystallization [45, 46] . The fracture makes the fibrils visible and measurement of the characteristics of these fibrils can shed light on the influence of graphene on the fracture process. Using SEM to analyze the area where the tensile fracture initiated ( Figure 3E -G) it can be observed that fibrils are present. Fibrillation indicates slips within the crystalline lamellae and changes in the chain direction [47] . The occurrence of fibrils may suggest that the break was due to crazing either in the amorphous area (short fibrils) or in the semi-crystalline area (long fibrils) [48] . While, the height of the fibrils cannot be directly measured, their appearance, as observed via SEM, may give some indication of the breaking mechanism. For neat PET, the fibrils appear to be relatively fine ( Figure 3E ), implying fracture to be associated with the amorphous region. At extremely low graphene content (0.03 wt%), the fibrils are even finer with a representative image shown in Figure 3F .
At such low volume fractions, isolated graphene nanosheets may hinder the reorientation of the polymer chains, thus splitting the material into molecular bundles and cavities and leading to local failure and ultimately premature fracture. Thus, upon imaging the specimen a finer fibrillation may be observed. The finer fibrillation is characteristic of a more brittle aspect, as previously reported in literature for polymer/clay nanocomposites [49] . However, increasing the amount of graphene to 0.07 wt%, had a significant effect on the local structure in the initiation area with considerably larger fibrils observed ( Figure 3G ). The increased height of the fibrils suggests that, in this case, the fracture may be associated with the semi-crystalline area. We hypothesize that the presence of graphene acts to reinforce the stress-induced crystallites leading them to fail later than would otherwise be the case. This has been previously reported in the literature and attributed to the presence of graphene which inhibits the strain induced crystallization [9, 50] . This is consistent with the observed increase in strain at break ( Figure 3C ).
This clearly shows the presence of graphene to significantly affect the microstructure of the adjacent polymer as seen clearly by changes to the aspect of the fibrils. While increased fibrillation with improved tensile strength has been previously reported in literature for PET/clay nanocomposites, their appearance has not been quantified [51] . However, Yuan and Misra reported that the presence of clay in a semi-crystalline polymer matrix led to insignificant changes in the crystallinity, significant reduction of sperulite sizes, improved yield strength and enhanced impact toughness [52] . Their analysis on the impact fractured surfaces reveals that polymer/clay nanocomposites displayed a smaller fracture initiation zone and enhanced fibrillation in the crack propagation zone, compared to the neat polymer.
Although we cannot directly measure the height of the fibrils at the center of the nucleus, we can perform detailed characterization on the properties of the initiation area. We expect an inverse correlation between fibril height and spatial dimensions of the initiation area because the size of the initiation area tends to propagate as fibrils break. Thus, early breakage leads to faster propagation and so larger initiation area. As can be observed from Figure 3H , the initiation area can be approximated as an ellipse, and characterized by a semi-minor and a semi-major axis (represented by white lines). As the height of the fibrils appeared to change with the addition of graphene nanolayers in PET ( Figure 3F -G vs. Figure 3E ), the dimensions of the semi-axes ( Figure 3H ) of the ellipses also varied ( Figure 3I and Figure S6 , Supporting Information). The neat polymer presented a semi-minor axis of 26 μm. The addition of 0.04 wt% graphene layers enhanced the semi-minor axis to 75 μm. This is consistent with the decrease observed in the height of the fibrils ( Figure 3F vs. Figure 3E) , and suggests that the reorientation of the polymer chains was obstructed by the presence of the graphene nanolayers as described above. This led to small fibrils that were quickly severed under strain leading to rapid growth of the initiation area. As the graphene content was increased above 0.04 wt% and the stress and strain-at-break began to increase ( Figure 3B-C) , the sample presented pronounced fibrillation ( Figure 3G ) and the semi-minor axis decreased to 15 μm for PET with 0.08 wt% exfoliated graphene layers. This suggested that the stress was transferred from the polymer to the graphene layers, which delaminated creating more surfaces and allowing the material to withstand higher loads. The delamination process subsequently prohibited the development of the nucleus and resulted in a smaller initiation area.
To properly establish the relationship between the mechanical properties and the fracture surface, the strain at break was plotted as a function of the semi-axes of the initiation area ( Figure 3J and Figure S7 , Supporting Information). As can be observed from Figure 3J there is an anti-correlation between the semi-minor axis and the strain at break. At optimal exfoliated graphene contents (i.e., 0.08 wt%), delamination of the graphene layers prevents the enhancement of the initiation area whilst withstanding higher loads. However, at low graphene layers contents (i.e., 0.04 wt%) the initiation area quickly propagates, the presence of graphene prohibiting the reorientation of polymer chains and leading to a premature break of the polymer chains.
Conclusions
In summary, polymer/graphene nanocomposites with superior mechanical properties were manufactured via melt processing using an extremely low loading level of exfoliated graphene layers (i.e., less than 0.1 wt%) and by carefully choosing a polymer matrix. We find that for this semi-crystalline polymer matrix and liquid exfoliated graphene there is a direct correlation between the tensile strength and the strain at break and an indirect correlation between the tensile strength and the dimensions of the initiation area, and subsequently the degree of fibrillation in the area. This approach may lead to the industrial production of polymer/graphene nanocomposites with minimal nanofiller contents and desirable mechanical properties.
Appendix A. Supplementary data
Supplementary data is available.
